Abstract Next-generation sequencing (NGS), also known as massively parallel sequencing, is rapidly being incorporated into oncology practice. Interpretation of genomic reports and selecting treatments based on the tumor's genomic analysis becomes more and more complicated for the treating oncologist because of the use of larger panels covering dozens to hundreds of genes and the amount of rapidly emerging clinical/translational data. To help guide personalized treatments in oncology, The Sheikh Khalifa Bin Zayed Al Nahyan Institute for Personalized Cancer Therapy (IPCT) at MD Anderson Cancer Center has developed a knowledge base, available at https://personalizedcancertherapy.org or https://pct. mdanderson.org (PCT). This knowledge base provides information on the function of common genomic alterations and their therapeutic implications. Here, we describe how such genomic information can be used by health-care providers to identify genomically matched therapies.
INTRODUCTION
Selecting the right treatment for patients with cancer is a complex decision based on continuously evolving molecular diagnostics and rapidly emerging biomedical literature. Tracking associations between actionable genomic alterations and targeted therapies in clinical trials can be challenging for treating oncologists and researchers alike. Chemotherapy has remained the backbone of cancer treatment for many tumor types, but has limited response rates and notable side effects. The driver molecular mechanisms involved in cancer initiation, progression, and resistance are increasingly pursued as therapeutic targets. Examples of successful personalized cancer treatments have revolutionized oncology, such as targeting HER2 in breast cancer (Slamon et al. 2001; Wolff et al. 2013) , bcr-abl in chronic myeloid leukemia (Druker et al. 2006) , or ALK in non-small-cell lung cancer (NSCLC) (Shaw et al. 2013 (Shaw et al. , 2014 Holla et al. 2017) .
Precision medicine in oncology spans a continuum, ranging from efforts to identify diagnostic biomarkers (to detect the occurrence of cancer in healthy patients, to identify tumors earlier), prognostic biomarkers (to predict the natural course of the disease), predictive biomarkers (to predict the clinical outcome in the presence of a specific therapy), and pharmacogenomic biomarkers (to identify alterations in drug metabolism and predict response and toxicities related to a specific treatment).
There is an urgent need to identify new biomarkers that can predict sensitivity or resistance to targeted therapies and immunotherapy. Although these treatments have revolutionized cancer treatment in the last decade, only a limited number of patients respond to these treatments. If a tumor has a known driver genomic alteration and there is a FDA-approved drug for that alteration in that particular tumor type (e.g., EML4-ALK fusion in NSCLC and crizotinib or BRAF p.V600E mutation in melanoma and vemurafenib) (Chapman et al. 2011; Shaw et al. 2013) , the treatment choice is relatively straightforward. Unfortunately, at this time there are only a handful of genomic predictive biomarkers linked to FDA-approved drugs in selected diseases.
Using biomarkers, oncologists can identify which patients can benefit or not from these drugs before starting the treatment, avoiding unnecessary toxicity (Bailey et al. 2014) .
In this commentary, we describe the Personalized Cancer Therapy knowledge base that is available at https://pct.mdanderson.org (PCT) and how it can be used to support clinical decision-making. PCT allows users to access information about the clinical significance and actionability of genomic alterations and to identify matched targeted therapies, leading to better outcomes for patients (Von Hoff et al. 2010; Tsimberidou et al. 2012; Fontes et al. 2015; Massard et al. 2017) .
GENOMIC PROFILING OF TUMORS AND ITS CHALLENGES FOR ONCOLOGISTS
Molecular profiling can be defined as the testing of DNA, mRNA, protein abnormalities, or epigenetic changes and is essential for identification of predictive biomarkers associated with a cancer's phenotype, prognosis, and clinical outcome.
The most widely used molecular profiling approach is DNA next-generation sequencing (NGS), which has increased in availability and usefulness in response to publicly accessible databases sharing information about clinically actionable variants and increasing number of therapeutic opportunities. Other molecular methods such as transcriptome profiling for mRNA expression, reverse phase protein array (RPPA) for functional proteomics abnormalities, or methylome profiling for epigenetic changes are emerging; however, their clinical utility is still to be confirmed.
Integrating molecular profiling in patient care starts with identifying the tumor sample on which the analysis will be conducted. To overcome cancer heterogeneity, testing of circulating cell-free tumoral DNA (cfDNA) could be considered (Fig. 1, Step 1 ; Jovelet et al. 2016; Shaw et al. 2016) .
NGS is an effective way to capture a large amount of genomic information. In oncology, a variety of approaches for NGS are being explored including NGS targeted panels, in which sequencing is performed for genome fragments for known hotspots where frequently pathogenic mutations occur, or whole-exome NGS, in which all the coding exons of all genes are sequenced (Fig. 1, Step 2).
"…determining the actionable genomic alterations in a patient's tumor and targeted therapies that are available for that alteration can be challenging for treating oncologists and researchers alike."
The development of NGS technologies has led to an increased number of genes sequenced and much more information, which is not all clinically relevant. After NGS of a tumor sample, a clinical report is generated with the significant identified variants, which must be annotated according to the Human Genome Variation Society (HGVS) guidelines (Fig. 1, Step 3; Richards et al. 2015) .
Understanding the molecular testing process is important for the interpretation of the results and determining the best personalized treatment option for the patient (Fig. 1, Step 4 ). This step, in determining the actionable genomic alterations in a patient's tumor and targeted therapies that are available for that alteration can be challenging for treating oncologists and researchers alike (Roychowdhury and Chinnaiyan 2013; André et al. 2014) .
Variant analysis and interpretation must be performed by an expert to evaluate the validity and clinical utility of each variant (Heuckmann and Thomas 2015) . For the information to be used in clinical decision-making, the functional and clinical significance of the variants must be assessed.
In the absence of the decision support for oncologists as described above, optimal treatment of patients may not be offered. Genotype-matched treatment in the setting of a known pathogenic actionable genomic alteration can be overlooked, or patients may be offered offlabel therapy targeting nonactionable variants (Krzyzanowska et al. 2013 ). Matching of patients with alterations in actionable genes that are not actionable variants or treating patients with therapies that do not truly target the alteration or that are not best in class may also adversely affect clinical trial results (Le Tourneau et al. 2015) .
Recent studies to evaluate the clinical impact of precision oncology have detected improved survival endpoints and, in some cases, a neutral economic impact (Schwaederle et al. 2016; Haslem et al. 2017; Massard et al. 2017) . A large meta-analysis of more than 8000 patients with refractory cancer who received genomics-targeted therapy identified a near-doubling of progression-free survival and prolonged overall survival, compared with patients who received nontargeted therapy .
PERSONALIZED CANCER THERAPY-KNOWLEDGE BASE FOR PRECISION ONCOLOGY
The Sheikh Khalifa Bin Zayed Al Nahyan Institute for Personalized Cancer Therapy (IPCT) at the University of Texas MD Anderson Cancer Center has developed a knowledge base to support preclinical research and clinical trials by assessing the clinical significance and actionability of genomic alterations and identification of matched targeted therapies. This is available to the public through the Personalized Cancer Therapy website (https://personalizedcancertherapy.org or https://pct.mdanderson.org (PCT) (Kurnit et al. 2017 ). This multidimensional data source aims to support both clinicians and researchers in the effort of implementing personalized cancer therapy by providing information about the actionability of genes and functional significance of variants.
The information presented on this website is not intended to provide direct treatment recommendations but rather to synthesize what is known about cancer-related genes and their implications for cancer treatment. The knowledge base currently is focused on DNAbased alterations and includes many of the recurrently altered genes, each with information on specific alterations and their therapeutic implications.
The website is organized in a gene-focused manner, regardless of tumor type. The information on the website is presented in a user-friendly manner to be easily accessible, interpreted, and utilized by physicians and patients. Users can search not only by gene but also by specific variants. Functional implications are included for many of the variants whose functional impact has literature support. For these alterations, matched available clinical trials can be found through the PCT website. In a recent review, Holla et al. (2017) discussed ALK alterations and their therapeutic implifications, illustrating how the information available on alterations within a gene, their actionability, and functional significance can be useful in linking a target with a matched treatment. On the PCT website there is detailed information available for 32 actionable genes for which the data were curated, and the information regarding alterations and clinical trials is updated weekly.
Key features of the website for each gene are as follows. In addition to high-throughput literature retrieval from the MEDLINE database, the literature is manually reviewed by a PODS (Precision Oncology Decision Support) team that includes oncologists, geneticists, molecular biologists, computational scientists, computer programmers, and bioinformaticians. They validate and record the functional implication in tumorigenesis of each alteration and determine whether the alteration is a predictive biomarker for sensitivity or resistance to a specific drug, or whether it is involved in cancer prognosis, with critical input from gene and disease experts . A detailed description of how the content on PCT is generated and maintained has recently been published (Kurnit et al. 2017 ).
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The National Cancer Institute (NCI) description of the drug, drug aliases, FDA-approved indications, and the clinical trial development statuses are included in the available information on the website. This information is retrieved from the NCI Drug Dictionary, other databases such as Selleckchem.com, MedKoo.com, DGIdb: Mining the Druggable Genome, and scientific literature, which are all used to compile a list of drugs that either target the mutated gene product or target downstream mediators of the mutated signaling pathways (Xu et al. 2016 ).
There are other online resources for precision oncology decision support as presented in Table 1 . This is not a comprehensive list, but rather these are some of the most frequently used online precision oncology resources. These knowledge bases often differ in how data was curated, the number of genes curated, and how the information is organized. These online tools are complementary in helping researchers and physicians in advancing cancer research and decisions about treatment options by providing information on genomic alterations and matched drugs.
To accelerate personalized cancer therapy there are ongoing efforts to create a shared knowledge base across multiple institutions worldwide (The AACR Project GENIE). The GENIE database is expected to grow to more than 100,000 samples within 5 years and will be a powerful tool for identification of novel therapeutic targets, design of biomarkerdriven clinical trials, and identification of genomic determinants of response to therapy (AACR Project GENIE Consortium 2017).
Some of the strengths of PCT are the straightforward search based on gene or variant, the easy readability of the information structured from overview of the gene, and the pathway to clinical implications and clinical trials search. The data are curated by the PODS scientists with expertise in molecular biology, genetics, computational science, and bioinformatics. Their expertise and their collaboration with world-renowned physicians and researchers at MD Anderson, as well as the extended MD Anderson Cancer Center experience with genomically targeted therapies, make PCT one of the strongest tools in precision oncology. A potential limitation of the site is the fact that it is not organized by tumor type but rather gene. However, tumor-specific information is listed within the gene page, and the gene-centric approach makes it more user-friendly when seeking histology-agnostic therapies, as one would when a rare alteration is found in a common tumor type or while treating a patient with a rare tumor type. Also, an application program interface (API) is not available at this time.
INTERPRETING THE FUNCTIONAL SIGNIFICANCE AND ACTIONABILITY OF A GENOMIC ALTERATION
Most of the scientific evidence of drug response is associated with collective mutations within a gene rather than with specific alterations of that gene. However, an oncologist needs to determine whether a specific mutation in a patient's tumor is likely to affect the function of a gene and its therapeutic implications. Based on the site of a gene mutation and a change in the amino acid sequence, a mutation can lead to a change in the activity, expression, or stability of the expressed protein. And in the same gene one can find mutations that confer sensitivity to treatment and others that will result in resistance (e.g., EGFR deletions in the exon 19 predict sensibility to EGFR inhibitors and EGFR T790M mutation for resistance to EGFR inhibitors).
Oncologists have several important tasks to complete after receiving the molecular profile report from a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory in order to be able to offer genomically informed care. First, they need to determine what tissue was tested and the reliability of the test report. Then, they need to determine whether there are alterations in actionable genes and, if so, how the alterations may affect the function of these genes. If there are actionable alterations, one needs to determine the therapeutic implications and available approved or investigational agents targeting that alteration. Ultimately, one needs to weigh the level of evidence that a biomarker would confer sensitivity to a drug, in the context of a specific disease, and compare the likelihood of efficacy of genotype-selected options with that of alternate approved or investigational therapies. These several steps need to be completed in the limited time allotted for clinical encounters or while preparing for a clinical encounter in advance. Through the PCT website, the PODS team facilitates the clinical oncologists' task by annotating the gene's and gene alteration's actionability and functional significance and by listing available genomically matched clinical trials. PCT was created to be a useful reference and to provide information on functional implications of recurrent mutations in cancer related genes. The variants listed are limited to those that have been characterized and published in the scientific literature. This is supplemented by medical graphics that allow a user to determine the location of a given variant within the context of the functional domains of a gene. More details about the alteration and the curation process that was used in determining the actionability and functional significance of the alteration can be requested via email (emailpct@mdanderson.org).
AVAILABILITY OF RELEVANT FDA-APPROVED THERAPIES OR INVESTIGATIONAL AGENTS IN CLINICAL TRIALS
If a tumor has a known genomic alteration and there is a FDA-approved drug for that alteration in that tumor type (e.g., EML4-ALK fusion in NSCLC or BRAF p.V600E mutation in melanoma) (Chapman et al. 2011) , the treatment choice is relatively straightforward. Unfortunately, there are only a few molecular targets with matched FDA-approved drugs . For the rest of the actionable alterations, oncologists could consider enrollment of the patient in a genotype-relevant clinical trial. This process of clinical trial finding can be very time-consuming for oncologists, because for most clinical trials the molecular subsets that they are targeting have not been made publically available.
To facilitate the choice of genomically informed treatment, the PCT website provides, in the "Clinically Available Drugs" section of each gene page, the clinical trials available for that specific alteration.
Finally, PCT serves as a resource for genotype-matched trials. The clinical trials can be classified as "genotype-selected," in which as eligibility criteria trials require to have a specific genomic alteration, or "genotype-relevant," in which there are no requirements for a specific genomic alteration, but there are preferred biomarkers for drugs that target a specific gene product or downstream signaling relevant to the molecular alteration.
Off-label use of targeted therapies is often considered because of lack of access to clinical trials; however, to evaluate efficacy of agents and to generate the data for approval of genomically matched therapies, patients should be enrolled in genotype-based clinical trials whenever possible. Access to targeted agents is increased through initiatives such as NCI-MATCH (NCT024665060) and TAPUR (NCT02693525).
FINAL REMARKS
Genomic testing is increasingly being utilized for clinical decision-making. PCT is an openaccess website serving as a knowledge base for precision oncology. The website is expanding and continuously updating with new information as the data behind the portal are being curated by scientists and clinicians with domain expertise. This information can help determine the functional impact of specific alterations and help facilitate and identify optimal genomically driven approved or investigational options. The website provides automatic updates on clinical trials utilizing genomically matched therapies and can help guide patient enrollment to biomarker-driven clinical trials in the absence of a FDA-approved indication and can expedite drug development.
Although the knowledge base is currently based on DNA sequencing, integration of RNA and protein analysis may provide additional information on tumor biology and further treatment options in the future. Furthermore, with integration of immunotherapies in the standard treatment of different cancer types, information on the tumor microenvironment and immune system need to be incorporated into personalized therapy as predictive biomarkers of response are developed. We hope that ultimately enhanced accrual on precision oncology trials will further demonstrate the utility of genomic testing and expedite approval of effective genomically matched therapies. 
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